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an Internal Bore Liquid Chromatography
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Presented is the application and evaluation of a magnetic field focusing central trapping
electrode ion accumulation cell for a capillary liquid chromatography electrospray Fourier
transform ion cyclotron (LC-ESI/FTICR) mass spectrometer. The ESI source and accumulation
cell are located within the magnetic field to confine the radial motion of the ions, eliminating
the need for elaborate focusing optics to transport the ions to the low-pressure analyzer cell for
analysis. The central trapping electrode accumulation cell increases sensitivity by providing
the necessary potential well in a confined volume to capture ions currently lost during the
detection event of LC/FTICR experiments. With this electrode geometry the time needed to
gate the ions into the analyzer cell is reduced and pump down delays are minimized. The
decreased scan time improves LC resolution and increases the number of mass spectral scans
per eluted component while maintaining appropriate base pressures for high performance
ESI/FTICR. Results achieved with the central trapping electrode accumulation cell include an
effective duty cycle increase from 10% to 40%, a S/N increase by a factor of 30, and a mass
resolution increase of 80%. (J Am Soc Mass Spectrom 2000, 11, 592–595) © 2000 American
Society for Mass Spectrometry
The combination of electrospray ionization (ESI)[1, 2] with Fourier transform ion cyclotron reso-nance (FTICR) [3, 4] mass spectrometry has
greatly increased performance in the analysis of large
biomolecules [5]. ESI/FTICR provides high perfor-
mance mass analysis that includes enhanced mass res-
olution, mass range, and mass accuracy. For example,
unit resolution has been achieved for proteins larger
than 110 kDa [6], and high-resolution full mass spectra
are generated routinely for molecules ranging from 10
to 40 kDa [7, 8]. Given the advances in biomolecule
analysis, the interest in coupling liquid chromatogra-
phy with FTICR has increased. However, several prob-
lems arise when liquid chromatography/mass spectro-
metry (LC/MS) is performed with FTICR, owing
primarily to the mismatch in source and analyzer
pressure. Specifically, the lengthy pump down times
necessary to achieve high performance FTICR come at
the expense of chromatographic resolution and effective
duty cycle.
One solution to the pumping delay is the design of
FTICR spectrometers with increased pumping speeds
using integral cryopumping systems with speeds of
.105 L/s at the ion trap [9]. In addition, various dual
traps have been utilized to separate the initial ion trapping
process from the detection process [10]. The dual trap
allows for ions to be collected in the accumulation trap at
high pressure, and then transferred to the low-pressure
analyzer trap for high performance mass analysis.
Kofel et al. demonstrated that the ion source region
outside the magnetic bore (1026 torr) could be used to
create and store ions to be transferred to the centrally
located mass analyzer cell (1029 torr) for analysis [11].
This external cell allowed for successful differential
pumping, but had the disadvantage of inefficient trap-
ping in the decreased magnetic field. Gorshkov et al.
implemented a dual cell design consisting of two sep-
arate cylindrical FTICR internal cells isolated by a
conductance limit, but located within the same pump-
ing region [12]. This design maintains a ;2–3 order of
magnitude pressure difference, and is capable of mass
selective ion accumulation [13] and transfer without
excessive pump down delay. External accumulation
regions using modified hexapole and octupole ion
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guides have been implemented in various ESI/FTICR
spectrometers in conjunction with LC analysis. Senko et
al. used axial trapping electrodes and an octupole ion
guide to perform ion accumulation simultaneously with
mass analysis in the analyzer cell [14]. Although mass
selection is limited, the configuration affords an in-
crease in signal-to-noise ratio, increase in resolving
power, and improved duty cycle.
In this work we describe modifications to our mag-
netic focused internal bore [15] 3.0 tesla ESI/FTICR
mass spectrometer to allow for ion accumulation of
continuous electrosprayed ions in a confined volume
using a central trapping open ring-electrode design.
Vartanian et al. first demonstrated a single ring-elec-
trode for ion trapping in FTICR [16], and we apply a
variation of this idea here. Most contemporary FTMS
spectrometers utilize external ESI sources that allow
adequate space for extensive accumulation regions
based on the previously mentioned multipole ion
guides or complete dual FTICR cells. The central trap-
ping electrode permits creating the necessary potential
wells for accumulated trapping prior to ion transfer to
the analyzer cell and is essential given our internal bore
ESI source size limitations. Magnetic focused ion accu-
mulation affords a reduced pump down delay and scan
time for an improved duty cycle, S/N ratio, and mass
resolving power. In addition, because the central trap-
ping electrode can be segmented into excite/detect
plates, the application of ion selection or dissociation
techniques such as quadrupolar excitation [17, 18] is
possible.
Experimental
Experiments were performed on an ESI/FTICR mass
spectrometer [19]. The operating parameters and flow
rates were delivered to model our LC/MS conditions.
The sample was pushed through fused silica capillary
tubing (25 mm i.d., 1.0 mL/min) to the stainless steel
electrospray needle (100 mm i.d., cone tipped), which
was held at a potential of 2.7–4 kV. The needle assem-
bly was positioned 3 mm from the desolvating capillary
(500 mm i.d., 25 cm) that was resistively heated by a
current of 2.3 A and biased at 200 V. The skimmer
potential ranged from 5 to 15 V dc. The postskimmer
region was separated from the detection cell region by
a shuttered conductance limit. The current pumping
configuration maintains the accumulation region at
2.5 3 1025 torr, and the analyzer region is held at 9.0 3
1029 torr. The detection region reaches the 1027 torr
when the shutter is open for ion injection. Once the
shutter is closed, the pressure drops to 2 3 1028 torr in
1 s.
The skimmer probe assembly was designed to allow
for the addition of the trapped ion accumulation cell
between the skimmer and the shuttered conductance
limit as shown in Figure 1. We arbitrarily chose the
position of the central trapping electrode based on our
experience optimizing the ion current and pressure in
this region of the system. The entire accumulation cell
assembly is connected to the skimmer probe assembly,
and the distance of the central trapping electrode from
the skimmer (1.75 in.) was maximized to avoid trapping
difficulties associated with the supersonic expansion
while maintaining a relatively symmetrical location.
The distance from the shutter and the central trapping
electrode is variable, and can be manipulated by mov-
ing the skimmer probe. A 1.0 in. distance between the
shutter and the central trapping electrode provides
optimum performance. Computer simulations of the
potential wells produced by the existing electrode con-
figuration are shown in Figure 2.
The accumulation cell assembly was designed to be
easily modified. Wires from within the skimmer probe
provide the necessary electrical connections to the ac-
cumulation cell via high vacuum feed-throughs. Volt-
ages can be applied to the skimmer, the shutter, and the
central electrodes located on the accumulation cell.
Trapping electrodes as well as excite/detect electrodes
can be utilized in this region. The current accumulation
Figure 1. Schematic diagram of the central trapping electrode
accumulation cell region. The accumulation cell is mounted be-
tween the skimmer probe assembly and the FTICR analyzer cell.
Figure 2. Electric field potentials for the central trapping elec-
trode accumulation cell calculated using Simion. Applied poten-
tials: A. Skimmer 7 V, central trapping electrode 0 V, shutter 7
V. B. Skimmer 7 V, central trapping electrode 210 V, shutter 7
V. C. Skimmer 7 V, central trapping electrode 210 V, shutter 0 V.
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cell configuration consists of a single ring-electrode (2.0
in. diam, 0.8 in. length) segmented into four equal
sections for excite/detect electrodes. The dimensions of
the ring electrode were chosen to maximize trapping
volume and reduce nonideal electric field effects.
A typical experimental sequence involves accumu-
lating ions by applying a negative potential (5–10 V) to
the central trapping electrode while the shutter is
closed. After accumulation (2–3 s), the shutter is opened
for 0.5 s, and trap plate potentials are typically 10 V for
the skimmer, 0 V for the central trapping electrode, 0 V
shutter, and 4–6 V for the analyzer cell trapping elec-
trodes. When the shutter closes the central trapping
electrode switches back to negative 5–10 V providing
ion accumulation during the 1–2 s pump down delay
and data acquisition events occurring in the analyzer
cell. The excitation event consists of a broadband dipo-
lar excitation performed with a chirp waveform scan-
ning from 114 to 1.5 kHz at a rate of 400 Hz/ms, while
analyzer trapping voltages were reduced to 0.3 V.
Following a 200 ms postexcitation delay, a direct mode
detection event was performed. Data acquisition and
processing were performed with an Odyssey Data
Station (Finnigan FT/MS) running version 3.1 software.
The spectra presented here are baseline corrected, Han-
ning apodized, and zero filled once before Fourier
transformation. All FTICR data analyses and generation
of the ion chromatograms were conducted using the
ICR-2LS data analysis package [20].
Results and Discussion
Improved S/N Ratio
Electrical isolation of the shutter and skimmer make it
possible to create a potential well that serves as an
accumulation region. An example of the potential well
achieved with this electrode configuration is shown in
Figure 2, curve A. However, initial experiments with
this electrode configuration indicated that whatever ion
accumulation occurred did not result in increased
FTICR sensitivity. One explanation is that space charge
conditions in the postskimmer exceed the potential well
depth. For this reason, the central trapping electrode
was added to increase well depth. Examples of poten-
tial wells made possible by applying a negative poten-
tial to the central trapping electrode are also shown in
Figure 2, curves B and C. When optimized, the potential
wells achieved with the central trapping electrode dra-
matically improved ion accumulation. Figure 3 displays
a S/N increase by a factor of 30 when using the central
trapping electrode accumulation cell under appropriate
LC/MS flow conditions and data acquisition.
Improved Duty Cycle
An important benefit derived from using the central
trapping electrode ion accumulation cell is the in-
creased frequency with which the ion beam is sampled.
Under standard conditions, it is necessary to delay 6–10
s for the pressure to drop below 1028 torr before mass
analysis. However, with the ion accumulation cell, the
pump down time is decreased fivefold. In addition, the
ion injection is reduced to 500 ms because the ion
accumulation event no longer occurs in the analyzer cell
with the shutter open. From an analytical perspective,
the increased sampling frequency allows for better LC
peak resolution, whereas the decreased pump down
delay and ion injection time improve the effective duty
cycle. For comparison, in the conventional experiment a
2 s ion injection, followed by 6–10 s pump down delay
and a 1 s data acquisition event, yields an effective duty
cycle of 8%–10%. Using the ion accumulation cell, 0.5 s
ion injection followed by a 1–2 s pump down and 1 s
data acquisition event yields a duty cycle of 30%–40%.
Improved Mass Resolving Power
Typical analyzer cell accumulated trapping using addi-
tional gas load [21] requires extensive pump down
delays to achieve acceptable base pressures for high-
resolution mass analysis. With the addition of the
magnetic focused central trapping electrode accumula-
tion cell, the pump down delay is minimized. The ion
accumulation occurs in the high-pressure accumulation
cell, and the ions are then transferred to the low-
pressure analyzer cell. With the pump down delay held
constant, the base pressure decreases from ;5 3 1028
to ;2 3 1028 torr when using the accumulation cell.
Figure 3 demonstrates the 80% resolution gain utilizing
the ion accumulation cell under LC/MS conditions.
Figure 3. Top: Total ion chromatogram—LC/MS conditions (,4
s scan time), scans 1–50 no accumulation, scans 51–100 utilizing
ion accumulation cell. Bottom: The mass spectrum for Mellitin,
Scan #15 and Scan #55 display the improved performance using
external accumulation.
594 OSTRANDER ET AL. J Am Soc Mass Spectrom 2000, 11, 592–595
Conclusions
The use of a central trapping electrode as a component
of internal bore ESI source FTICR accumulation cells is
demonstrated to be of utility in volume-limited vacuum
chambers. The central trapping electrode configuration
affords improved duty cycle and sampling frequency
for the interface between ESI/FTICR and LC without
compromising chromatographic resolution. In addition,
the improved signal-to-noise and mass resolving power
achieved from the ion accumulation cell provide high
performance capabilities for the mass analysis of bi-
omolecules using LC-ESI/FTICR. Future work will con-
centrate on optimizing trapping parameters to maxi-
mize analytical performance and allow for increased
ion selection and ion manipulation. In addition, the
segmented central trapping electrode will be evaluated
for experiments involving radial excitation of ions per-
formed prior to ion transfer to the analyzer cell.
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